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Abstract
The ability to monitor DNA polymerase activity with single-nucleotide resolution has been the
cornerstone of a number of advanced single-molecule DNA sequencing concepts. Toward this goal,
we report the first spatially-resolved observation of DNA polymerase activity with single-base
resolution at the single-molecule level. We describe the design and characterization of a single-
species supramolecular nanopore device capable of detecting up to nine consecutive DNA
polymerase-catalyzed single nucleotide primer extensions with high sensitivity and spatial resolution
(≤ 2.4 Å). The device is assembled in a suspended lipid membrane by threading and mechanically
capturing a single strand of DNA-PEG copolymer inside an α-hemolysin protein pore. Single
nucleotide primer extensions result in successive displacements of the template DNA strand within
the protein pore, which can be monitored by the corresponding stepped changes in the ion current
flowing through the pore under an applied transmembrane potential. The system described thus
represents a promising advance toward nanopore-mediated single-molecule DNA sequencing
concept, and in addition might be applicable to studying a number of other biopolymer-protein
interactions and dynamics.
The ability to monitor DNA polymerase activity with single-nucleotide resolution is the
cornerstone of a number of advanced single-molecule DNA sequencing concepts.1 While state-
of-the-art single-molecule studies of oligonucleotide-protein complexes have achieved
astonishing sub-nanometer resolutions, the base-by-base activity of DNA polymerase has not
been previously resolved.2 Here we describe a single-species supramolecular nanopore device
capable of detecting up to nine consecutive DNA polymerase-catalyzed single nucleotide
primer extensions with high sensitivity and spatial resolution (≤ 2.4 Å). The device is assembled
in a suspended lipid membrane by threading and mechanically capturing a single strand of
DNA-PEG copolymer inside an α-hemolysin protein pore.3 Single nucleotide primer
extensions result in successive displacements of the template DNA strand within the protein
pore, which can be monitored by the corresponding stepped changes in the ion current flowing
through the pore under an applied transmembrane potential. Since DNA primer extension can
be observed with single-base resolution at the single-molecule level, the approach provides a
plausible handle for the extraction of sequence information from individual oligonucleotide
molecules. The system described represents a promising advance toward nanopore-mediated
single-molecule DNA sequencing,4 and is expected to be useful for studying other biopolymer-
protein interactions and dynamics.5
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Single-molecule methods have provided unique views of biomolecules in action.2,6 Amongst
the emerging single-molecule techniques, Staphylococcus aureus α-hemolysin (α-HL) has
been employed as the sensor element to probe a range of molecular systems and processes3–
5. α-HL forms a mushroom-shaped heptameric protein pore in lipid bilayers with a central
channel of approximately 10 nm in length and 1.5 nm in diameter at its narrowest point.7 The
pore dimensions can accommodate the entry and passage of a variety of small molecules and
linear polymers including single-stranded DNA (ssDNA) and polyethylene glycols (PEG).3–
5 A single α-HL protein can be readily inserted into an artificial planar lipid membrane. Due
to its constant open pore structure, a steady and characteristic ionic current results under an
applied transmembrane potential. The entry of molecules into the pore gives rise to transient
current modulations or blockades that can be use to characterize the molecular species involved.
We recently described a single-molecule method for threading and mechanically capturing
ssDNA-PEG hybrid molecules inside the α-HL protein pore.3a,d In the present study we have
employed a similar strategy to configure a supramolecular nanopore device capable of
resolving the small spatial changes associated with DNA polymerase-catalyzed single
nucleotide DNA primer extensions. We reasoned that with an appropriately configured
nanopore device, each single nucleotide primer extension should successively change the
position of the threading strand and alter the proportion of the DNA to PEG residing within
the pore. Since we have previously shown that the transmembrane ion conductance depends
on whether ssDNA or PEG is held inside the pore,3a primer extensions were expected to give
rise to stepped changes in the ion conductance that can be used to ascertain the polymerized
state of the primer strand. To test this hypothesis, we employed the following thread design
and nanopore device configuration.
The threading component of the nanopore device consists of a 31-nucleotide ssDNA segment
bearing the primer binding sites and the template sequence, an 11-nucleotide poly d(A) section,
a PEG portion made from eight units of hexaethylene glycol phosphate, and a terminal biotinyl
group (Fig. 1). The design provides DNA and PEG regions of appropriate length to allow full
threading of the α-HL pore as well as the means for locking the threading strand at both ends
after its insertion into the pore. Binding of streptavidin to the terminal biotin moiety creates a
cap structure that is wider than the α-HL pore entrance and provides a mechanism to direct the
formation of the desired α-HL•DNA-PEG configuration.3 Under the influence of an electric
field the capped DNA-PEG strand can only thread through pore from its free 3’-ssDNA
terminus, and can be held in that configuration as long as the applied electric field is maintained
(Fig. 1a). Threading of the DNA-PEG strand is signalled by the characteristic reduction in ion
conductance caused by the presence of the PEG segment inside the pore. Furthermore, since
double-stranded DNA (dsDNA) is also too large to pass through the narrowest part of the α-
HL pore, a stable mechanically interlocked complex can be formed by the hybridization of a
DNA primer to the 3’-ssDNA end of the threading strand protruding from the pore (Fig. 1b).
Once the fully interlocked complex has been formed, the position of the threading strand inside
the pore can be flipped back and forth by changing the sign of the applied transmembrane
potential (Fig. 1b and 1c).
Upon application of a positive transmembrane potential, the primer-template DNA duplex
region is forced into the pore and held up against the narrowest part of the channel (Fig. 1c).
Therefore, according our hypothesis, changes in length of the primer were expected to afford
different conductance states at positive potentials by altering the ratio of DNA to PEG
occupying the channel. We tested this hypothesis by preparing a series of interlocked
complexes a–d (Fig. 2a–d) using the DNA-PEG threading strand (Fig. 1d) and a set of fully
complementary DNA primers ranging from 23 to 31 nucleotides in length (primers +0 to +8).
In agreement with our hypothesis, each complex displayed a characteristic current-voltage (I–
V) trace that depended on the length of the primer (Fig. 2e). To further establish that a change
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in the primer length could be monitored by changes in the ion conductance, we performed the
following experiment. Under negative transmembrane potentials, an 8 nucleotide stretch of
ssDNA in complex a resides outside the pore and is thus free to serve as an initial binding site
(toe-hold) for the longer primer (+8). Once bound to the toe-hold, primer +8 should rapidly
invade the adjacent duplex region and replace the shorter primer (+0) via a three-way branch
migration mechanism (Fig. 3g experiment D, and S3).8 Indeed, addition of primer +8 to
complex a led to an almost immediate and irreversible change in the ion conductance to a state
corresponding to that of complex d (Fig. S15). These initial experiments established that the
ion current readout provides a direct measure of the primer length and thus give credence to
the application of the nanopore device for monitoring DNA polymerase-catalyzed primer
extensions.
Using the nanopore device, we opted to monitor the progress of DNA polymerase catalyzed
primer elongation at +40 mV (monitoring mode Fig. 3a), since the largest and most consistent
differences between the ion currents of the primer-template complexes were observed at this
potential (Fig. 2e). Elongation of the primer is inhibited in the monitoring mode since the
terminal 3’-OH of the primer, which serves as the site for DNA polymerase-catalyzed
incorporation of deoxynucleotide triphosphates (dNTPs), is concealed within the pore
vestibule. Conversely, primer elongation is allowed in the elongation mode when the 3’-OH
of the primer strand is expelled from the pore vestibule under the applied negative
transmembrane potential (− 30 mV, Fig. 3b). No current change was observed in the monitoring
mode readings when TopoTaq DNA polymerase was added to a preformed complex containing
the starting primer (+0). However, after the further addition of dCTP, a small increase in the
average current at +40 mV was observed (Fig. 3f, 0 to 0.5 h). We interpreted this change as
arising from the incorporation of a single deoxycytosine opposite the first base
(deoxyguanosine) in the threaded template strand (Fig. 3c–d). After the addition of dATP, five
further current steps were observed, corresponding to the incorporation of five bases against
the remaining deoxythymidines and deoxyguanosines in the template sequence (Fig. 3d–f, 0.5
to 1.5 h). Since the next two bases in the template sequence were deoxycytosines,
polymerization could be paused at this primer length (Fig. 3f, +6) by deliberately delaying the
addition of dGTP. Polymerization was allowed to resume by the addition of dGTP, with two
further current steps indicating that the fully extended primer (+8) had been synthesized by the
DNA polymerase (Fig. 3f, 1.5 to 3.5 h). A total of nine distinct current levels were observed
during this experiment, corresponding to the starting primer (+0), the seven intermediate single
nucleotide incorporations (+1 to +7), and the fully extended primer (+8) (Figs. 3f and 3g,
Experiment 1). Since polymerization only proceeds in the presence of dNTPs that are
complementary to the template DNA, and the resulting single-base steps (and pauses) can be
resolved by our method, we demonstrate that sequence information can be extracted from a
single piece of template DNA held within the nanopore.
We established the reproducibility and generality of this method for the observation of DNA
elongation by performing multiple single-molecule polymerization experiments using primers
of different starting lengths, and two different types of DNA polymerase. Nucleotide
incorporation steps were assigned from the cumulative ion current changes and knowledge of
dNTPs added to each experiment. An excellent agreement between the current changes
corresponding to each polymerized state was obtained after alignment using a least-squares
analysis (Fig. 3g). Polymerization could be halted in the absence of a required base, or
alternatively by the incorporation of a terminating dideoxynucleotide triphosphate (ddNTP),
which lacks the 3’-OH group required for the addition of further nucleotides (Fig. 3g,
Experiments 2, 7 and K2).
The spatial resolution of the nanopore device was assessed by assuming that the incorporation
of a single nucleotide displaces the DNA held inside the pore by 3.4 Å (the distance between
Cockroft et al. Page 3
J Am Chem Soc. Author manuscript; available in PMC 2008 July 10.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
stacked bases in B-form DNA). From the alignment of the polymerization data in Fig. 3g, we
observed a total ion current change of 1.3 pA arising from the incorporation of 9 bases
(equivalent to a translocation of the DNA-PEG strand by 9 (3.4 = 30.6 Å). In this window the
average ion current noise is ±0.05 pA (Fig. 3g). Thus the 30.6 Å displacement can be effectively
resolved in thirteen 0.1 pA segments, each representing a 2.4 Å step (30.6 Å/13 = 2.4 Å). The
nanopore device achieves its highest spatial resolution (1.4 Å) in the region where single
nucleotide incorporations result in the largest current change, (i.e. +6 to +7, Fig. 3g). The
observed high special resolution (≤ 2.4 Å) of the nanopore device places it alongside the most
spatially sensitive single molecule techniques available for studying biomolecular systems.2,
9
In conclusion, we have developed a supramolecular assembly capable of monitoring the
activity of DNA polymerase as it operates on a single strand of DNA threaded through a protein
pore. To our knowledge this work represents the first spatially-resolved observation of DNA
polymerase activity with single-base resolution at the single-molecule level. Furthermore, the
ability to detect single-nucleotide, ångstrõm-scale changes in an oligonucleotide template-
primer complex using a nanopore opens a new avenue for the study of biopolymers and their
interactions with proteins.5 The single-base resolution of our approach and the ability to control
the passage of DNA in single-base steps satisfy the two minimal requirements of a nanopore-
based sequencing device.1 Nevertheless, further significant advances are required before
nanopore-based approaches can be employed in the de novo sequencing of long stretches of
DNA.1,10
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Figure 1.
Fabrication and configuration of the interlocked α-HL•DNA-PEG transmembrane complex.
(a) A single streptavidin-capped DNA-PEG strand on one side of the membrane is driven into,
and held within an α-HL pore under an applied negative transmembrane potential. (b)
Hybridization of a DNA primer to the protruding 5’-ssDNA region of the threading strand on
the opposite side of the membrane, furnishes the fully interlocked α-HL•DNA-PEG complex.
(c) The position of the threading strand held inside the pore can be flipped back and forth by
changing the sign of the applied potential. (d) The composition of the threading DNA-PEG
strand.
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Figure 2.
Establishing the device response to changes in primer length. The interlocked α-HL•DNA-
PEG transmembrane complexes containing primers of different lengths. (a) 23 nucleotides
(+0), (b) 27 nucleotides (+4), (c) 29 nucleotides (+6), and (d) 31 nucleotides (+8). All primer
sequences are fully complementary to the 3’-end of the template sequence (Fig. 1). As the
length of the primer increases, the ratio of PEG to DNA in the pore is increased (red pointers
mark the PEG-DNA transition in each complex). (e) Primer length differences manifest
themselves in the characteristic current-voltage (I–V) trace of each complex. The largest and
most reproducible current difference between the four complexes was observed at +40 mV
(vertical dotted line). Currents were averaged from the final 0.2 sec of the 2 sec ion current
recording at each potential. The I–V traces were averaged from 10 or more recordings.
Experiments were performed under conditions appropriate for DNA polymerase activity (150
mM KCl, 25 mM Tris, 4.5 mM MgCl2, at pH 8.0 and 22 ± 2 °C, see Fig. S1.
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Figure 3.
Monitoring DNA polymerase-catalyzed single-nucleotide primer extensions. (a) The length of
the DNA primer in a fully interlocked α-HL•DNA-PEG complex is reported by ion current
measurements in the monitoring mode (+40 mV). (b) In the elongation mode (−30 mV), the
3’-OH of the primer is accessible to the DNA polymerase. (c) DNA polymerase bound to the
starting primer-template complex, with the correct incoming deoxynucleotide triphosphate. (d)
DNA polymerase catalyzes the elongation of the primer by incorporating a single dNTP against
the DNA template threaded through the pore. (e) Templated extension of the primer sequence
after multiple base incorporation steps. (f) A plot of cumulative change in the ion channel
current recorded in the monitoring mode versus time. The data contains nine distinct current
levels corresponding to the starting primer (+0, Fig. 2A), the seven intermediate polymerized
states, and the extended primer (+8, Fig. 2d). Primer extension was paused for over one hour
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after the incorporation of 6 bases (+6) until the required dGTP was added (note the broken
time axis). (g) Alignment of multiple experiments initiated with primers of different lengths
(vertical colored bars). The dark gray arrows indicate the direction of primer extension. The
white dots in colored circles represent the average cumulative ion current for each length of
primer (s.e.m. ±0.05 pA). The horizontal light gray stripes indicate the average current maxima
and minima for each primer length. The numbers to the right indicate the base extension relative
to the shortest primer (+0), and the letters in parentheses identify the base at the 3’ end of each
primer. Dashed lines represent nucleotide incorporation steps that were not sampled by current
recordings. Experiment 1 corresponds directly to the current recordings shown in Fig. 3F.
Experiment D shows the displacement of a short primer (+0) by a longer primer (+8) as
described in the main text. TopoTaq DNA polymerase was used in experiments 1 to 11. The
Klenow fragment (exo-) of E. coli DNA polymerase I was used in experiments K1 and K2.
Polymerization was terminated with the appropriate dideoxynucleotide triphosphate (ddNTP)
in experiments 2, 7, and K2. Experimental conditions were as described in Fig. 2, but with the
addition of 2 nM DNA polymerase and 0.01–0.2 mM dNTPs. See Fig. S4–S17 for complete
current versus time recordings for all experiments.
Cockroft et al. Page 9
J Am Chem Soc. Author manuscript; available in PMC 2008 July 10.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
